Ig V regions are the precise molecular locations through which antibodies interact with immunogens . The ability to recognize an infinite array of antigens is a consequence of the chromosomal rearrangement of the various V region gene segments . At the Igh locus unique receptors are generated by several mechanisms : (a) selection of particular V, D, and JH segments to form a complete V region ; (b) junctional diversity generated at the joints of V.-DJH; (c) the addition of nucleotides (N segments) at the junctions of rearranged gene segments (much of the third hypervariable region [HVR3]t can be composed solely of novel amino acid sequences encoded by "junctional" sequences) ; (d) the somatic mutation of these gene segments ; and (e) pairing ofH chains with tc or X chains to form heterodimeric molecules (reviewed in references 1-3).
deletions of significant portions of the coding regions . For example, it is not unusual for the first 12-15 nucleotides ofJH4 to be deleted, generating a shortened HVR3 . Furthermore, apparently random additional nucleotides are frequently added at the joints, probably by the enzyme terminal deoxynucleotidyltransferase (Tdt) . Thus, due to the imprecisions in these joints, much more somatic diversity is achieved with a particular V , D, and JH than if joining were precise (1, 2, 6, 7) .
The organization of the genes at the Ig loci is such that a recombination signal sequence with a 12-bp spacer always rearranges to a recombination signal sequence with a 23-bp spacer. For example, V region gene segments (the most 5' gene segments) have signal sequences with 23-bp spacers immediately 3' of their coding sequences . D segments are flanked by signal sequences with 12-bp spacers, and joining segments (the most 3' gene segments) have signal sequences with 23-bp spacers 5' of their coding sequences . Thus, V-D and D-J. (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) recombinations are allowed, while V. -J. and D-D are precluded by the 12-23 rule. This 12/23-bp recombination rule has been maintained at all seven of the immune receptor loci (2, 4) .
At the Igh locus, the arrangement ofthe gene segments would appear to preclude joining of multiple D segments without breaking the 12/23 rule. However, at the time of the discovery of the Igh D locus, Kurosawa and Tonegawa (8) proposed that D-D fusion might occur in antibodies and could account for the additional diversity at the V-D and DJH joining sites not explained by germline V , D, or JH sequences. They proposed that D-D fusion might be mediated via alternative signal sequences present in certain D segments . An additional heptamer located in the coding region of DSP2 type D segments has a single nucleotide difference from a concensus heptamer sequence, and is 24 by away from either the 5' or 3' nonamer. While spacers are usually 23 by in length, somewhat shorter or longer spacers have been reported in functional gene segments (for review, see reference 4) . Thus, these cryptic signal sequences could indeed be functional. Moreover, recombination mediated by isolated heptamers is thought to be the mechanism by which both V region replacement and Cx deletion occurs (9) (10) (11) , and there is no obvious reason why isolated heptamer recombination should not occur between other genes as well.
Several instances of potential D-D fusions have been reported in expressed antibodies (12) (13) (14) (15) , some of which are depicted in Fig . 1 . So, for example, in antibody 6B1, the 5' portion of the D segment seems to derive from DSP2.8 and the 3' portion appears to derive from DSP2.2. Furthermore, D-D fusion has been proposed as the most likely mechanism for the generation of certain conserved N segments (16) . Still, D-D fusion has never been definitively proven and is not considered a major source of diversity in Igs. A more accepted mechanism for the generation of N segment diversity is the addition of extra nucleotides by Tdt at the time of rearrangement (17) .
We have performed several experiments to address the existence or extent of D-D fusion in the IgH complex . Using polymerase chain reactions (PCR) (18, 19) , we have isolated a variety of incomplete Ig H chain rearrangements from murine bone marrow DNA involving the fusion of two D segments without joining to either JH or VH. We have demonstrated both direct and inverted rearrangements that have apparently been mediated either by the normal heptamer/nonamer signal sequences or by isolated heptamers. In addition, we present data showing that D segments may generate additional diversity by inverted recombination to JH segments. This theoretically allows single D segments to be used in either transcriptional orientation. Collectively, these data suggest new mechanisms for generating diversity in the HVR3 of Ig H chains, probably the most influential region ofthe antibody molecule.
Materials and Methods
Oligonucleotides. Oligonucleotides used in PCR amplifications are shown in Fig . 2 . Oligonucleotides were synthesized on a DNA synthesizer (Applied Biosystems, Inc., Foster City, CA) . Sequences (and the restriction endonuclease sites created at their 5' ends) of the oligonucleotides depicted in Fig. 2 are as follows : 5S, 5'TCCTGCAGAATCTGTTACCTTACT TGGCAG3' (PST I, primes all DSP2 D segments from the 5' end); 5F, 5'GATCTAGAGACCA-TACTGGCTAGGGCTTTT3' (XBA 1, primes DFL16 .1 from the 5' end); 5Q, 5'GCTCT AGAGTCCCTGTGGTCTCTGACTGGT3' (XBA I, primes DQ52 from the 5' end); 3X, 5AGCTGCAGAGTCTGCTGGGCATACTGGGTT3' (PST I, primes all D segments except DQ52 from the 3' end); 3Q, 5'CCTCTAGAGCTCCAAACAGAGGGTTTTTG3' (XBA I, primes DQ52 from the 3' end); 3JH1, 5'GTTCTAGAATGGAATGTGCAGAAAGAAAAA3' (XBA I, primes from the Tend ofJHl); 3JH2, 5'TGTCTAGAAGAGAGAGGTTTTAAGG-ACTCA3' (XBA I, primes from the Tend ofJH2) ; 3JH3, 5'CATCTAGAATGGGAGAAGT TAGGACTCACC3' (XBA I, primes from the Tend ofJH3); 3JH4, 5'GACCTGCAGAG-GCCATTCTTACCTGAGGAG3' (PST I, primes from the 3' end ofJH4); 5' DFL16 and DSP2 screening, 5'GATTTTTGTCAAGGGATCTACTACTGTG3' (hybridizes to the 5' recombination sequence of all D segments except DQ52) ; 3' DFL16 and DSP2 screening, 5'GGTTTTTGTTGCTGGATATATCACTGTG3' (hybridizes to the 3' recombination sequence of all D segments except DQ52); 5' DQ52 screening, 5'GGTTTTGACTAAGCG-GAGCACCACAGTG3' (hybridizes to the 5' recombination sequence of DQ52) ; 3' DQ52 screening, 5'CACGGTGACGCGTGGCTCAACAAAAACC3' (hybridizes to the 3' recombination sequence of DQ52); JH screening, 5'TCACXGTc/TTCT/G T/GCAGGT, (hybridizes to all JH coding segments) .
DNA Isolation. Bone marrow cells were obtained from the femur, tibia, and pelvis of BALB/c mice. Bone marrow and liver DNA was isolated as described previously (20) .
PCRs. PCRs were done essentially via the method recommended by the supplier (PerkinElmer Corp., Norwalk, CT) . Typically, 1 Fcg of DNA is added to a 200-/M solution of each dATP, dCTP, dGTP, and dTTP, with 100 pmol of each primer and 5 U of the Taq DNA polymerase. Extension time was optimized for each type ofrearrangement analyzed. In most instances, PCR cycles were as follows : 3 min at 98°C (denaturation), 2 min at 58°C (annealing), and 3 min at 72°C (extension), controlled in a DNA thermal cycler (Perkin-Elmer Corp.). Certain amplifications worked better with either 5-min (any D to J2, J3, or J4) or 10-min extension times (any D to J1) .
Typically, DJH rearrangements were detected easily after 40 amplification cycles. Although certain D-D rearrangements could be detected after 40 cycles, detection was simplified after 60 cycles of amplification.
Southern Hybridization Analyses. Amplified DNA could be loaded directly onto a 1.57c agarose gel for Southern filter hybridization analysis . After electrophoresis, DNA was transferred in 0.4 N NaOH onto a zeta probe membrane. Southern filter hybridization was done in 6 x SSC, 0.5% SDS, 5x Denhardts . 12P end-labeled oligonucleotides (as depicted in Fig. 2) were used as probes . Washing conditions are as described in each figure legend .
Isolation, Cloning and Sequencing of Amplified DNA . Alternatively, the resulting DNA was cleaved with the appropriate restriction endonuclease (as shown in Fig . 2 ) and then loaded onto a 1.5% low-melt agarose gel for size purification. Typically, one fourth of a single DNA amplification was analyzed by Southern filter hybridization and the remainder was gel purified for cloning. In some experiments, gel-isolated DNA was amplified for an additional 60 cycles to facilitate cloning ofthe DNA . Gel-purified DNA was ligated into PTZ18U, which was then transformed into CaC12 competent BSJ72 bacteria . Recombinant colonies were identified by transfer to nitrocellulose and subsequently screened with the same 32P end-labeled oligonucleotides used for Southern analysis.
Plasmid DNA for restriction analysis was isolated from each recombinant clone via alka- line lysis. ss-DNA for sequencing was isolated from each clone by superinfection with M13K07 and selection with both ampicillin and kanamycin as described previously.
Sequencing was accomplished via dideoxy chain termination as described by Sanger (21), except using T7 DNA polymerase (Sequenase) .
Results
Detection of Direct DJ,, Rearrangements .
Rearrangement at the Igh locus in B lymphocytes is an ordered process, in that D-J. rearrangement precedes V"-D rearrangement (3, 22) . It is thought that most rearrangements occur in the pre-B cell pool of the fetal liver or in the bone marrow of adults . We have designed a series ofoligonucleotides complementary to the coding or noncoding strands ofthe mouse Ig D and JH gene segments, as illustrated in Fig . 2 Screening Oligonucleotides "Sense" Pnmers Complementary Primers W S' DFLI6 and DSP2 screening 5F 5' DFLI6 priming 3X 3' DFLI6 and DSP2 priming 3' DFLI6 and DSP2 screening 5S 5' DSP2 priming 3Q 3' DQ52 priming 0 5' DQ52 screening 5Q 5 DQ52 priming 3JH1 3'JHI priming x 3' DQ52 screening 3JH2 3' JH2 priming J JHI-JH4 screening 3JH3 3' 1H3 priming 3JH4 3 JH4 priming oligonucleotide primers 5' of the D segments and a second primer 3' of the JH segments should specifically amplify DJ,, rearrangements . DJH rearrangements can subsequently be detected by Southern filter hybridization analyses of the amplification products using oligonucleotide probes representing the D and/or J. segment coding regions. In the experiment shown in Fig. 3 , the 5S primer and each of the four (lanes 1-4) 3JH primers were used in PCR amplifications of mouse bone marrow DNA. We had no difficulty demonstrating rearrangements involving all types of known mouse D elements (DSP2, DFL16, and DQ52) and all four mouse H chain JH elements (JH1-4) (data not shown) .
Rearrangements of this type are easily detected in bone marrow DNA after 40 cycles of amplification. Surprisingly, these same rearrangements can also be detected in DNA from nonlymphoid tissues. The most straightforward explanation for this result is lymphocyte contamination of the tissue source since a single cell per million with a particular DNA rearrangement can be detected via this technique (19) . This prompted the use of DNA from clonal cell lines as a nonrearranging tissue source . DNA from two different mouse fibroblast cell lines (3T3, C2C12) were used in similar experiments and again some DJH rearrangement is consistently detected, albeit at a significantly lower level. Fig. 4 demonstrates the extent of DJH rearrangement detected in bone marrow, liver, and fibroblast cell line DNAs . Fig. 4 , lanes 1-3 represent amplification of germline DSP2 D segments (using 5S primer and 3X primer) from bone marrow, liver, and C2C12 DNA, and lanes 4-6 represent amplifications of DJH rearrangements (using 5S primer and 3JH4 primer) from the same DNA samples. Though the extent of DJH rearrangement detected in liver DNA (Fig. 4 , lane 5) and especially C2C12 DNA (lane 6) is much lower than what is detected in bone marrow DNA, it is consistently present. With longer exposures the extent of DJH rearrangement is easily detected in liver and C2C12 (Fig . 4 , lanes 7-9) . It is unlikely that these results are artifactual in that some DJ H rearrangement can be detected in multiple different samples of fibroblast DNA, while PCRs with no DNA added are negative . Since the level of DJ H rearrangement detected from bone marrow DNA is at least an order of magnitude higher than in the other DNA samples (though germline amplifications are similar [ Fig. 4 , lanes 1-3]), it is reasonable to conclude that the PCR amplifications detect normal DJH rearrangement in B cells. However, it seems likely that a low level of DJH rearrangement occurs in nonlymphoid cells as well . The observation that the activity of the lymphoid recombinase system is not absolutely tissue specific is provocative and is being separately studied in our laboratory. So, in Fig. 5 , lane 1, inverted DSP to JH 1 rearrangements are detected, in lane 2, inverted DSP to JH2, etc. As with direct DJH joining these rearrangements can be detected involving a variety of different D and JH gene segments . However, these rearrangements are considerably more difficult to detect, requiring several hours of exposure instead of the several minutes that is required to detect direct DJ H rearrangement. This would suggest (though not prove) that inverted DJ H rearrangements are not as common as direct DJ H rearrangements . 4 . Analysis of direct DJH joining in bone marrow DNA, liver DNA, and DNA from the mouse fibroblast cell line C2C12. Southern filter analysis of PCR products using the following oligonucleotides as primers with DNA from various sources: lane 1, 5S and 3X using bone marrow DNA; lane 2, 5S and 3X using liver DNA; lane 3, 5S and 3X using C2C12 DNA; lane 4, 5S and 3JH4 usingbone marrow DNA; lane 5, 5S and 3JH4 usingliver DNA; and lane 6, 5S and 3JH4 using C2C12 DNA. Exposure was for 3 min. Lanes 7-9 are duplicates of lanes 4-6 but exposed five times as long (15 min) . DNA was run on a 1.5% agarose gel, transferred to zeta probe, andhybridized to a 32'-labeled oligonucleotide (5' DSP2 and DFL16 screening) . Post-washing conditions were 2 x SSC, 0.5% SDS, at 55°C . The positions of size markers are shown in base pairs. Similar amounts of germline D segments have been amplified from all three tissue sources (lanes 1-3), however, the degree of DJM rearrangement (lanes 4-6, or lanes 7-9) in the three tissue sources varies .
To further analyze inverted DJH rearrangement, one of these PCR products was cloned and sequenced, as shown in Fig. 6 . Clone 4-1 was generated in a PCR amplification using the 3JH1 primer (3JH1) and the 3X primer as depicted in Fig.  2 . This clone represents the inverted rearrangement of the 3' noncoding sequence of a germline D element to the 5' portion of JH 1 . A 6-bp N segment (GTCCCT), typical of Tdt activity, can be found at the joint between D and J. 1. In this rearrangement a large portion of the coding sequence of the D segment was deleted, and it is not possible to tell which germline D segment has been utilized (DSP2 .2, 4, 5, and 6 are possibilities) . Even though nearly all of the D coding sequence was deleted during this rearrangement, a functional recombination sequence still remains at the appropriate end of this DJH 1 rearrangement. Therefore, a functional antibody could still have been created by a subsequent V rearrangement to this DJ H . In such an event, the resulting antibody would have a very short, nongermline D segment predominantly derived from N segment additions. It is also likely that inverted DJ H rearrangements occur in which more of the D segment coding region is preserved . This is supported by the observation that the material detected in hybridization analyses is a smear, representing various sizes of inverted DJ H rearrangements .
Demonstration of Direct D-D Fusion. Using the 5S and 3Qoligonucleotide primers for PCR amplification of bone marrow DNA, we have been able to detect by Southern hybridization analysis evidence of direct D-D joining, as shown in Fig. 7 a and schematically in Fig. 7 b. Fig. 7 a, lane 1 represents amplification of germline DSP2 D segments using the 5S and 3X primers compared in lane 2 with amplification of D-D rearrangements using the 5S primer and the 3Q primer (Fig. 2) . The filter, in this case, has been probed with the 5' DFL16 and DSP2 screening oligonucleotide . As predicted, the 3' DFL16 and DSP2 screening oligonucleotide does not hy- bridize to lane 2 ( Fig . 7) , whereas the 3' DQ52 screening oligonucleotide does (data not shown) . Thus, in multiple experiments we have been able to routinely detect and then characterize amplification products representing D-D fusions by hybridization before isolating clones .
Three clones were isolated from bone marrow DNA amplifications that represent direct D-D fusions, as shown in Fig. 8. Clones 1-3, 1-6 , and 1-8 represent rearrangements of the 5' portion of DSP2 .8, DSP2 .3, and DSP2 .7, respectively, to the 3' portion of DQ52 . The 5' recombination signal sequence of each DSP2 D segment has been retained, along with the majority of the coding regions (14-17 nucleotides) . However, the entire coding segment and 3' heptamer of DQ52 were deleted during each of these D-D fusions. As discussed earlier, deletion of a significant portion of J coding sequences is not uncommon during DJ rearrangement. Alternatively, rearrangement in these fusions may have been aberrantly mediated by the 3' heptamer (instead of the 5' heptamer) of the DSP2 D segments and the 3' heptamer of DQ52, since in each instance the breakpoint in DQ52 is just 3' of this spacer. These rearrangements are nonfunctional in that it is unlikely that any of these re- arrangements could have proceeded in a subsequent D-J . rearrangement due to their lack of a complete 3' signal sequence . Fig. 9 shows the sequence of clone 5-6-1, which was generated by amplification of bone marrow DNA with the 5Q and 3X priming oligonucleotides and represents the reciprocal joint from a direct D-D fusion . A schematic of this reciprocal joint is shown in Fig. 7 b . In this clone, the 5' heptamer from DQ52 has been fused to the 3' heptamer from one of the DSP2 type D segments in the opposite orientation . Since this reciprocal joint must have been generated from a direct D-D fusion, it most likely existed on closed circular DNA, again emphasizing the sensitivity of PCR amplifications . In contrast to the reciprocal joints described from K rearrangements, the joining of these heptamers was not precise ; two extra nucleotides (TC) having been inserted between the two heptamers. While the C may derive from the DSP2 coding segment, the T cannot be accounted for in either germline sequence and thus must be considered an N segment. In TCR-/3 reciprocal joints, extra nucleotides from the coding segments have been observed between the heptamers, but additional random nucleotides have rarely been observed (23, 24) . Potentially Functional Inverted D-D Fusions Occur in the Ig HChain Locus. A Southern filter hybridization analysis of PCR products obtained using the 5F primer and the 5S primer to amplify bone marrow rearrangements is shown in Fig . 10 a. The strategy for these amplifications is to detect the inverted rearrangement of two D segments, as illustrated in Fig. 10 b. A band of -130 nucleotides is detected with a 5'D heptamer oligonucleotide probe (5' DFL16 and DSP2 screening ; Fig . 2 ), but at similar stringency, there is no hybridization of this band with a 3' D heptamer oligonucleotide (3' DFL16 and DSP2 screening ; Fig . 2 ), consistent with a tail to tail D segment fusion .
Three PCR-amplified D segments of this type were cloned and sequenced, as depicted in Fig . 11 . Clone 9-11-2 is an inverted fusion involving DFL16.1 and DSP2 . 
F I T T
gqowo ad ag acc'al la aco 1 lagotcttit c_t ctatolctotc toaaaoec oll9lgcccagcagaclc
Nucleotide sequence of clones 9-11-2, 9-7, and 9-3, indirect D-D rearrangements . Solid boxes indicate nucleotide homology between the three clones and germline DFL16.1 and DSP2 D segments (8) . Broken boxes indicate heptamer and nonamer sequences. Primers used in the PC Rs are as indicated. Extra nucleotides at the point ofjoining (N segments) are indicated with an N above the sequence . ocogt totalccotc caooaoo otlgtgcccogcogoclc ol tego aca t lagatacctt coaoaat ctgccoogt tgoaoagt orientation with a 6-bp N segment (CCGTCG) . There is a single nucleotide insertion in the portion of the sequence derived from the coding segment of DSP2.7. It is not known whether this occurred during D-D joining or if it is a PCR artifact. Taq I DNA polymerase has been shown to have less fidelity than other DNA polymerases .
Clone 9-3 represents a third example of inverted D-D fusion, again involving DFL16.1 and DSP2.5. In this case only a 2-bp N segment (GA) is present between the two coding regions . As in the other two examples, the 5' signal sequences of each D segment remain intact and now flank the newly generated D coding sequences. Thus, as before, this rearrangement should still be able to undergo normal DJH and V-D rearrangement .
Discussion
This study demonstrates that rearrangement by inversion occurs at the Igh locus in cells from normal murine tissue, resulting in functional rearrangements . Rearrangement by inversion has been demonstrated at several of the immune receptor loci (K, and 3' TCR-/3 V regions) ; if the two rearranging genes are in the same transcriptional orientation, then rearrangement is by deletion, but if they are in opposite transcriptional orientation, then rearrangement is by inversion . At the H chain locus, complete V-DJH rearrangement by deletion has almost exclusively been reported (24) , so it is likely that most of the V segments are in the same transcriptional orientation as J. However, since the D segments are flanked by recombination signal sequences, there is no obvious reason why inverted DJH joining should not occur. Still, there have been only two reports of inverted rearrangements involving D and JH segments . In each case an inverted rearrangement occurred between a rearranged DJH segment to a second JH segment to produce a nonfunctional J-D-JH rearrangement . In one case the rearrangement was from a myeloma cell line (SP2/0-Agl4) and in the other an Abelson MuLVtransformed cell line (14, 15, 17) .
There is limited evidence from work with synthetic substrates that rearrangement by deletion is more efficient than rearrangement by inversion (24) (25) (26) . However, in vivo, rearrangement by inversion is common at the a locus . In contrast, even though the signal sequences flanking the D segments are structurally equivalent, inverted DJH joining has been rarely observed .
Antigenic selection or constraints on antibody structure could be invoked to explain why inverted DJH rearrangements are not observed more frequently in expressed antibodies. However, our studies examined events before functional selection occurs, and the observation is the same. Of the many DJH rearrangements cloned previously using a variety of different strategies, none contain inverted D segments . Additionally, although PCR amplifications as described here cannot be considered quantitative, there is a significant difference in the ease with which direct vs. inverted DJ,, rearrangements can be demonstrated via Southern filter hybridization . Thus, these data confirm previous reports suggesting that inverted DJH rearrangement is rare. While we have shown that inverted DJH rearrangement can occur, direct DJH rearrangement is clearly favored .
As discussed previously, rearrangement in pre-B cells is thought to be an ordered process (D-J., precedes V.-DJH, which precedes rearrangement at the L chain loci). The N segments at the joints ofthe seven rearrangements described here (six D-D and one D-J.) are similar to those previously described to be due to the activity of Tdt . They range in length from 2 to 13 nucleotides and G + Cs predominate 2 :1 over A + Ts. Of particular interest are the N segments of clones 1-8 and 9-7 . Both of these N segments contain the codon TCG in one of their reading frames . TCG is an exceedingly rare codon in mammalian DNA, probably reflecting a bias against CG pairs . In these seven N segments, only 18 complete codons were generated, and 2 of the 18 were TCG . We have previously reported a conserved TCG in the N segments of antiarsonate antibodies from two different mouse strains (16) . We postulated at that time that this TCG could have been generated by a variety of different mechanisms, including D-D fusion or a specific terminal transferase . These results suggest (though we have no formal evidence), that the terminal transferase involved in generating N segments may have a nucleotide preference, such that when it does add a T, it prefers to add C next.
There are numerous reports demonstrating that the 12/23-bp rule is not absolute, including JJ joining of TCRJoz segments (28), V region replacement (9, 10) , and C deletion (11) . The D-D fusions described in this report demonstrate another type of rearrangement in which this rule is broken. In this instance, these rearrangements occur at a significant frequency in normal tissue and can generate potentially functional products .
There are several possible mechanisms through which the D-D fusions herein described could have been generated . In the direct D-D fusions, it is unclear whether the 5' or 3' heptamer of DQ52 mediated the fusions since both are absent from the coding joints . Since the point ofjoining in all three clones is adjacent to the position of the 3' heptamer, these recombination events probably represent "heptamer only"-mediated recombinations . However, it is clear that the 5' heptamer of DQ52 can also mediate direct D-D fusion since the 5'DQ52 heptamer is joined directly to the 3'DSP2 heptamer in the reciprocal joint presented . This finding also suggests that functional direct D-D fusions (i.e., with recombination sequences flanking the fused D segments) may also be generated by this mechanism .
In each of the inverted D-D fusions, it is apparent that the recombinations were mediated by the 3' heptamers of the two D segments involved . Whether or not the nonamers of the signal sequences were involved in the joining process is uncertain. The mechanistic details of heptamer-mediated recombination, while impacting on these results, are beyond the scope of this paper.
Though one cannot ignore the fact that Ig H chain rearrangement usually does follow the 12/23 rule, it is clear from these data that D-D fusion does occur. The enzymes that mediate rearrangement work on substrates in various orientations with or without complete recombination signal sequences. Based on the observed frequency of different types of rearrangement at this locus, the recombinase system can be said to have a hierarchical preference for many substrates . Thus, gene segments that conform to the 12/23 rule are rearranged most efficiently, followed by genes in opposite transcriptional orientations with normal signal sequences. Least efficiently rearranged are genes with similar spacers and/or heptamer-mediated recombination.
Although inverted DJH joining is not a frequent rearrangement, due to antigenic selection and clonal expansion, the effect of even a low rate of inverted DJH joining on the potential antibody repertoire could be very significant. Therefore, in response to an antigen where a simple V .-DJ .rearrangement does not provide an antibody of high affinity, it is quite possible that antibodies utilizing D segments in the opposite orientation may provide an antibody of the appropriate specificity. Such a B cell could easily become the predominant clone in response to such an antigen. If each H chain D segment can actually be used in either orientation, the calculated amount of antibody diversity should in effect be doubled.
In an analysis of the N segments of a series of expressed antibodies, some, but not all, N segments fit the simple description of N segments, as proposed by Alt and Baltimore (17) (i.e., CG rich, 1-10 nucleotides) . However, in a composite analysis of expressed antibodies that have been reported over the years, many D and N segments are not easily explained by known germline elements or by N segment addition by terminal transferase (12, 13) . As Kurosawa and Tonegawa (8) initially proposed, D-D fusion might offer an explanation for the extra nucleotides observed in the HVR3 o£ these antibodies. However, our data indicate that the alternative signal sequences do not mediate these fusion events . Thus, we extend their original claim to say that any combination of D segments, in any orientation, might be able to generate diversity in the HVR3 of Igs. Thus, the unexplainable nucleotides in many expressed antibodies may be a result of the action of TdT activity and/or D-D fusion . Additionally, in instances where D-D fusion occurs, an added dimension of diversity is added since there are three positions for N segment additions (V -N-D-N-D-NJH), as is the case in the TCR-S locus (29) .
Even though rearrangements that break the 12/23 rule most likely occur at a lower frequency than normal joining, given the power of antigen selection and clonal expansion, the potential effect on the generation of diversity in Ig H chains could be very significant. Though we have not been able to determine an absolute frequency of D-D joining vs. D-J. joining, some information can be derived from our cloning experiments . The three unique clones, 9-3, 9-7, and 9-11-2, were all derived from a single amplification. The amount of DNA in that amplification was derived from -10' unselected bone marrow cells . Pre-B cells comprise 5-10% of total bone marrow cells . Thus, if our cloning efficiency was 100%, the frequency ofD-D joining in pre-B cells must be at least 1 in 33,000 . In most somatic cells, an event that occurs at a frequency of 1 in 33,000 would in almost all cases be biologically insignificant . However, in the immune system these rare events may not be without biologic consequence. For example, B cell precursors that have the particular V-DJH/VKJK combination that give rise to the A/J strains' dominant crossreactive idiotype in an antiarsonate response have a frequency of only 1-10 in 106 cells (30) 
